A mechanical force sensor coupled to two optical cavities is developed as a metrological tool. This system is used to generate a calibrated circulating optical power and to create a transfer standard for externally coupled optical power. The variability of the sensor as a transfer standard for optical power is less than 2%. The uncertainty in using the sensor to measure the circulating power inside the cavity is less than 3%. The force measured from the mechanical response of the sensor is compared to the force predicted from characterizing the optical spectrum of the cavity. These two forces are approximately 20% different. Potential sources for this disagreement are analyzed and discussed. The sensor is compact, portable, and can operate in ambient and vacuum environments. This device provides a pathway to novel nanonewton scale force and milliwatt scale laser power calibrations, enables direct measurement of the circulating power inside an optical cavity, and enhances the sensitivity of radiation pressure-based optical power transfer standards.
Introduction
The phenomenon of light reflection from a surface links optical power and force. In classical electromagnetism this connection manifests as the radiation pressure force and was first experimentally quantified in the early 1900s with the Nichols radiometer [1] . For a perfect reflector this force is 2 cos( )/ , P c θ ⋅ where P is optical power, θ is angle of incidence, and c is the speed of light in a vacuum. The connection between force and power can be used to build metrological tools that measure optical power from a known force, or that measure force from a known optical power. In the kilowatt range, radiation pressure has been measured with percent level uncertainties using a calibrated force transducer [2, 3] . In the milliwatt range, piconewton forces have been measured with percent level uncertainty using a calibrated optical power [4, 5] . In general, large laser powers can be calibrated from force and small forces can be calibrated from laser power with reduced uncertainty compared to traditional approaches.
The connection between optical power and force within an optical cavity has received less attention from the metrological community [6] . For a given incident laser power at the resonance frequency of the cavity, there is a buildup of circulating optical power. For lowloss cavities it is possible to achieve a circulating power enhancement of 10 5 [7] . In linking laser power and force, the primary advantage of using an optical cavity is that the cavity amplifies the force generated on a cavity mirror for a given input power.
The speed of light c is a large deamplification factor. One Watt of optical power will generate a radiation pressure force of approximately 6.7 nN for normal incidence and unity reflectivity. Use of an optical cavity lessens the requirements for equipment like a highradiation pressure forces. In turn, this reduces the cost and environmental requirements necessary to build metrological tools that link optical power and force. For example, an optomechanical transfer standard based on a force transducer coupled to an optical cavity will have greatly enhanced sensitivity compared to one lacking an optical cavity.
Development of a macroscopic quantum force standard also benefits from the use of optical cavities. Reflection of a single photon causes a change in momentum of ( )
, where h is Planck's constant and ν is optical frequency. This change in momentum leads to a force on the surface that depends on the quantity, direction, and frequency of incident photons. A quantum force standard based on counting photons is feasible as a result of advances in superconducting nanowire photon detectors [8] . However, the force associated with a quantity of photons that can be counted remains extraordinarily small. Detecting 7 10 photons per second at 1550 nm corresponds to a force less than 20 
10
− N. An optical cavity amplifies the force generated per photon on a macroscopic device.
In this paper, we report development of a compact and portable optomechanical device that consists of optical cavities coupled to a force sensor. This device can be used as a force standard if the input power and cavity properties can be calibrated, as a standard for circulating power inside an optical cavity if the force transducer is calibrated, or as a transfer standard for optical power by comparing the device output to a calibrated power meter. The variability of the sensor as a transfer artifact for optical power is less than 2%. The variability of the sensor in measuring circulating power inside the cavity is less than 3%. These uncertainties are similar to existing systems that link optical power and force without a cavity [2] [3] [4] [5] 9] . However, the addition of an optical cavity to the metrological system enables novel applications that systems lacking a cavity cannot duplicate. Such applications include measuring the optical power inside the optical cavity and amplifying the power from a given light sources as it interacts with the force transducer. The prediction of force within the cavity based on the input power and a measurement of the cavity spectrum is compared to the force measured by the force transducer. These two forces are found to disagree by 20%. Potential sources for this disagreement are analyzed and discussed.
Experimental apparatus
As shown in Fig. 1(c) , a monolithic fused silica rectilinearly translating flexure system is used as a force sensor. The system consists of a set of 3 parallelogram flexures that are 11 mm by 12 mm by 2 mm in size. The more compliant primary flexure in the center deflects in response to a photon pressure force, and the outer flexures can modulate the cavity length with attached piezo actuators. Fused silica was chosen for its low mechanical loss and low coefficient of thermal expansion. The primary flexure stiffness was calibrated with the added mass method [10] and the thermal method [11] . For the added mass method, a Sartorius ultramicrobalance [12] was used to calibrate test masses in the hundred-microgram range with 1 μg of uncertainty. The thermal method calibrations were performed at ambient pressure and temperature inside of a closed vacuum chamber to isolate the system from spurious acoustic vibrations. Two fiber optical cavities, shown in Fig. 1(d) , are formed between the primary flexure and the secondary flexures. Integrated V-grooves align the optical fibers relative to the flexures. The fibers are fixed in the V-grooves with UV-cure epoxy. The entire fused silica device is frit bonded to a fused silica optical flat and placed on a series of isolation stages and inside of a vacuum chamber for testing.
One of the two fiber cavities is used as an interferometer to measure displacement and the other is used to drive the flexure by modulating the optical power. The cavity mirrors are fabricated through laser machining the end facets of the optical fibers with a CO2 laser (SYNRAD 48-1 water-cooled). The laser machining is performed in a series of short laser pulses. The fibers are mounted on a software controlled rotatable stage, where each laser pulse is followed by a rotation of the fibers around their axis by a certain angle. The use of fiber rotation and multiple laser pulses, ensures the formation of a highly symmetric indentation on the surface and therefore low birefringence of the cavity [13] . Fig. 1 . a) Simplified schematic of optical train and force transducer. Red lines indicate the optical path. b) Final components in optical train before modulation cavity. Pin denotes optical power delivered to the fiber leading directly to the optical cavity after the vacuum feedthrough. By breaking the fiber connections and measuring power at P 2 , P 3 , P PC , and P 2,3 we can calculate the losses l u and l 2,3 and in turn calculate P in as indicated in Eq. (13) . c) Picture of second flexure, green false color is used to highlight the primary flexure structure. d) Pictures of optical cavities on a flexure.
Multimode fibers are machined to a radius-of-curvature of less than 150 μm , using 100 to 150 laser pulses, each with a duration of around 30 ms and power of 2 W (beam waist of 80 μm ). The single mode fibers are laser machined with 3 to 5 laser pulses to form a smooth and uniform flat surface after cleaving. The radius-of-curvature of the machined fibers is measured with a white light interferometer. The optical image of the facet of machined MMfibers is shown in Fig. 2(a) and the white light interference pattern is shown in Fig. 2(b) . From the interference pattern, radius-of-curvature of a particular fiber is extracted. Subsequently, the fiber end facets are coated with a high reflectivity coating of approximately 99.75% reflectivity at 1550 nm (Evaporated Coatings, Inc. # 640).
Each cavity has an independent laser (Newport Velocity TLB-6700) and optical components to deliver light to the cavity. These optical trains are shown in Fig. 1(a) . For the forcing cavity optical train, a polarization-dependent, variable optical amplifier (ThorLabs Booster Optical Amplifier) is used to generate the amplitude modulation. Phase electro-optic modulators (EOMs) are used to apply modulation for the Pound-Drever-Hall (PDH) method [14] . The displacement cavity uses a PDH modulation frequency of 50 MHz and the forcing cavity uses a PDH modulation frequency of 2.9 GHz. Bend insensitive fiber (Nufern 1550B-HP) is used to guide the light though vacuum feedthroughs to the optical cavities. Polarization maintaining fiber is used prior to reaching the phase EOMs, which are the last polarization dependent element in the optical train. The multimode fiber is used for the fiber connection to the second cavity mirror. This fiber is broken shortly after leaving the mirror so no analysis of the transmitted light is possible in the final configuration of the system. The reflected light returns through a circulator or 50/50 coupler to photodiodes. The photodiode signal is demodulated using the EOM signal and the quadrature output sent to a feedback system that tunes the wavelength of the lasers to match the cavity resonance. The amplitude of the flexure response is read by sending the displacement cavity signal to a lock-in amplifier (Zurich Instruments HF2LI) and using the measured PDH slope (see Eq. (3)). The bandwidth of the PDH feedback is much lower than the sensor's mechanical resonance frequency, allowing the dynamic input to the PDH feedback loop to be used as the displacement signal. 
Theoretical background
Two models are required to describe the system behavior. One is a model of the force transducer response based on measurement of the sensor's mechanical properties and the other is a model of the circulating power based on measurement of the cavity's optical properties.
A transducer for small optical forces
A high sensitivity force transducer is necessary to detect the optical force on the cavity mirrors. One option is the microcantilever-based forces sensors that are used for atomic force microscopy [15] . However, the force sensitivity of these cantilevers depends on the exact location of the applied force. This effect can be minimized by using a parallelogram flexure, as shown in Fig. 1 . This flexure system consists of two flexible cantilevers connected by a rigid element. The rigid element exhibits approximately rectilinear motion, greatly reducing the sensitivity of the force transducer to the location of the applied force [4] .
The flexure operates in a resonant, dynamic mode of operation. Resonant operation mechanically amplifies the motional response of the flexure to external forces. Dynamic operation reduces the effect of 1/ ω noise and enables the use of lock-in detection to reduce the effect of noise outside of the measurement bandwidth. Assuming the force applied to the flexure is harmonic, the flexure motion amplitude, A, is well described by a simple harmonic oscillator (SHO) model [16] :
where ω is the mechanical drive frequency, sho A is the off-resonance response of the simple harmonic oscillator, 0 ω is the resonance frequency of the flexure, and Q is the quality factor of the flexure. sho A , 0 ω , and Q can be fit from a measurement of A as a function of ω . The amplitude of the harmonic force on the flexure sho F is:
where L k is the stiffness of the flexure. To measure A we used a Fabry-Pérot interferometer and the PDH technique [14] . The interferometer displacement sensitivity measurement for this scheme requires scanning the laser wavelength though the cavity resonance while monitoring the demodulated PDH signal. The amplitude calibration can be expressed as [17] :
Where 0 ν is the resonance frequency of the cavity, Δν is the free spectral range (FSR) of the cavity, dV dλ is the slope of the PDH signal near the center frequency of the cavity in units of volts per wavelength, and pdh V is the amplitude of the PDH voltage. To ensure that the measurement of the cavity displacement does not affect the force on the flexure the modulation amplitude is kept small relative to the cavity bandwidth. Additionally, the response of the system as a function of amplitude is observed and our measurements are limited to amplitudes where the system responds linearly. The stiffness of the flexure L k can be determined by the added mass (Cleveland) method [10] as:
where Δm is the added mass, 0 ω is the resonance frequency of the flexure in units of rad/s, and e m is the equivalent mass of the flexure. By plotting Δm as a function of
k can be determined as a fit parameter. The stiffness of the flexure can also be determined by the thermal method [11] as:
where b k is Boltzmann constant, T is temperature, and 2 x < > is mean squared deflection.
In practice 2 x < > is found from the area under the power spectral density resonance peak in question.
Model for circulating power inside an optical cavity
The flexure system we have used as a force transducer is several millimeters in size. Optical fibers are a convenient tool for forming an optical cavity and delivering light at this scale. However, the determination of circulating power inside a fiber based optical cavity is complicated by the mode matching of the fiber mode to the cavity mode.
The optical power circulating in the sensor's fiber Fabry-Pérot cavity (FFPC) is given as [17] [18] [19] 
where dip η is a parameter representing the depth of the dip in reflected power signal at resonance, rt g is the round-trip cavity gain, in P is the power incident on the first cavity mirror, and φ is the nondimensional optical frequency (
, ν is the laser frequency, and
η is a parameter that combines of the transmission of the first cavity mirror 1 t and the optical mode matching between the fiber mode and cavity mode α :
Where,
and, 2 1 , , / .
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Ψ cav is the cavity mode electric field just outside the end of the fiber, Ψ f is the fiber mode 
where 1 r is the reflectivity of the first mirror, 2 r is the reflectivity of the second mirror, and cav l represents other cavity losses. rt g is related to the cavity finesse  as:
The power reflected from the Fabry-Pérot cavity r P is [17] [18] [19] : g by measuring r P as a function of φ . β is the mode matching between the directly reflected light and the fiber mode. We will assume that 1
This is reasonable for a thin, flat input mirror. We have also assumed that the input mirror reflectivity is close to one. Use of Eq. (12) allows calculation of circulating power in the cavity without specific knowledge of 1 t , α , 1 r , 2 r , and cav l . The power incident on the first cavity mirror in P needs to be determined. Because we are using a fiber-based system we cannot measure in P directly. Instead we must infer in P from measurements made elsewhere in the optical path. The final part of the optical train before the cavity consists of optical fiber, a vacuum feedthrough, and a circulator. To calculate in P we disconnect the optical train and measure power at the locations indicated in Fig. 1(b) . in P is then given as:
where pd P is the power on a permanently connected photodiode during the input power calibration procedure and ' pd P is the power on this photodiode during the experiment.
There are a few important assumptions implicit in Eq. (13) . First, we have assumed that when we connect and disconnect FC/APC connectors for the purposes of measuring power we do not change the loss characteristics of the connection. It is reasonable to assume that there are no significant such changes if the connector ends are not damaged or contaminated. Measurement of transmitted power through one of the connectors is stable at the percent level after repeated disconnections. Second, we have neglected light reflected from the end of the FC/APC connectors. Third, we have assumed that the FC/APC connection between the second port of the circulator and the vacuum feedthrough is equivalent to the connection between the laser patch cable and the second port of the circulator for the purposes of characterizing 2, 3 l . Finally, we have assumed that β is equal to one. We estimate that these assumptions contribute 5% standard uncertainty to each of the powers measured during this procedure.
Finally, we can convert the calculated circulating power inside the cavity c P into force fpc F as:
where we assume negligible mirror loss and normal incidence.
Results and discussion
Force predicted from circulating power and radiation pressure (Eq. (6) and Eq. (14)) has been compared to force measured by the force transducer (Eq. (1) and Eq. (2)) for 2 different flexure optical cavity systems and a total of 18 experimental repeats. Sixteen of these were in air and two of these were under vacuum. Parameters that should not affect the agreement between the two force measurements, such as the choice of optical resonance, cavity optical mode, AC and DC input power, input loss, etc. are varied. One experiment comprises characterization of the optical cavities by scanning the laser frequency with and without optical phase modulation. Short-range cavity wavelength sweeps across one cavity resonance are repeated approximately 100 times each experiment to generate statistics of our measured cavity properties. Long range wavelength sweeps across several cavity resonances are done twice and used to determine the FSR. (4)) and the thermal method (Eq. (5)). The stiffness measured with the thermal method is systematically lower than the stiffness measured with the added mass method. This is likely caused by imperfections of the isolation of the flexure from additional sources of environmental noise. The flexure is particularly sensitive to vibrations transmitted through the air. Opening the vacuum chamber housing the device results in an order of magnitude increase in the measured mean squared deflection at the resonance peak. For this reason, the stiffness from the added mass method is used in the analysis. However, the thermal method remains appealing as a built-in calibration tool for an optomechanical force transducer and a reliable thermal method calibration could likely be achieved by better isolation of the flexure from the surrounding environment and a redesign of the flexure to minimize the influence of ambient acoustic noise. at 1550 nm (all uncertainties are reported as one standard deviation). Both optical modes at different axial mode numbers were analyzed. Figure 4(b) shows a representative short-range wavelength sweep over a single optical resonance. The effect of short-range variations of the background signal has been minimized by fitting a 4th order polynomial to the background near the resonance peak and dividing it out. There is some small asymmetry in the reflected power spectra that is fit by allowing dip η to be complex. It appears that the effect of the asymmetry on our data is subtle, in that the real and complex curve fits do not lead to significantly different values of c P . However, it may be possible to obtain some extra information from the asymmetry about the cavity alignment and mode matching [18] to aid in cavity assembly in future work. The flexure mechanical response to four different drive amplitudes is shown as a function of drive frequency in Fig. 5(a) . This data is fit with Eq. (1), and combined with the flexure stiffness allows us to measure the force on the cavity mirror. The maximum flexure response was approximately 80 pm. Figure 5 (b) compares force from Eq. (2) and force from Eq. (14) for a representative experiment on the second flexure for eight different drive amplitudes. For this example, the maximum generated force is on the order of a nanonewton and the two models are close in the value of predicted force, but not in exact agreement. Table 1 shows the breakdown of uncertainty for a single experiment. The values and uncertainties of the force from the force transducer, the calculated circulating power inside the cavity, and the ratio of the compared force values are shown. The dominant contributions to the uncertainty in the force transducer are the flexure stiffness and the interferometer calibration. The dominant contribution to the uncertainty in the circulating power is the input power into the cavity. The uncertainties of parameters that have been measured multiple times in a single experiment have been averaged to reduce their contribution to the final uncertainty. For the example shown in Table 1 , the uncertainty breakdown suggests that the models do not agree, thus there is likely either additional uncertainty or additional physics that is not captured by this analysis. 0.904 ± 0.110 with a skewness of 0.521 and a kurtosis of 2.39. Generally, the agreement between the two models is within 21%, but there is considerable variation from experiment to experiment as to how close sho F and fpc F are.
The systematic difference between the two force measurements is not very large relative to the run to run variation. However, the agreement between them is not currently sufficient to validate generating a calibrated force from the properties of the optical cavity and input power as a metrological tool. The experimental data shows the force measured from the harmonic oscillator model is lower than that predicted from measurement of the optical cavity properties. Three explanations for this discrepancy are possible: an additional force that is not accounted for in the model, a power loss that is not accounted for in the model, or a systematic error in the identification of one of the model input parameters.
Some extraneous sources of force can be investigated by comparing the data taken at atmospheric pressure to data taken under vacuum conditions. For the first flexure / sho fpc F F is 0.835 ± 0.056 in air and 0.798 ± 0.040 in vacuum. These two values are not significantly different given the observed experimental variability. Additionally, fused silica is an excellent thermal insulator and the loss of cavity mirrors is low. These observations suggest that thermal and radiometric effects do not contribute appreciably to the measured forces as these would differ between air and vacuum. We note the ability to perform these experiments at atmospheric pressure reduces the experimental cost and enhances the system portability. Another source of extraneous force could be parasitic capacitance between the primary and secondary flexures. However, because the amplitude of the flexure motion is small relative to the distance between the flexures any force arising from parasitic capacitance will be small when compared to the radiation pressure forces. One possibility of unaccounted power loss is the parameter β from Eq. (12) . We have assumed that β is one. The largest effect of β less than one is a misidentification of in P . In the power input loss analysis, we assumed that all of the observed loss occurred inside the optical train. Power loss associated with β is fundamentally different as this power loss impinges on the first cavity mirror and therefore should not be subtracted from in P . From the available observations we cannot independently determine β . Calculations of β for accounting for the finite thickness of the fiber mirror stacks as well as damage from the laser machining of the fibers suggest a value of 0.97. However, there is a considerable amount of uncertainty in this number as the properties of the interface region are not well known. Reducing β to a value of 0.95 changes / sho fpc F F to a value of 0.859 ± 0.105, increasing the difference between the results of the two models. Allowing β to be complex has no effect on the model agreement. Thus, misidentification of β is not the dominant source of discrepancy.
To better understand the effects of the other model input parameters we have examined model agreement as a function of different input parameters to search for correlations. Mode matching, input power, input loss factor, environmental pressure, and cavity resonance wavelength appear uncorrelated with respect to model agreement. Cavity finesse on the second flexure appears to be negatively correlated with model agreement, as shown in Fig. 6 . Some of the difference between the two forces is likely connected to our ability to accurately measure the cavity finesse. Our finesse value comes from fitting Eq. (12) to the reflected power as a function frequency to get rt g and using Eq. (11) to convert rt g into finesse. The reflected power is measured on a photodiode and the frequency comes from the calibration of the laser controller. The laser controller frequency output is smoothed to remove noise. A more accurate measurement of cavity finesse, perhaps with a frequency comb or wavemeter to measure wavelength, may minimize the potential for experimental error. The variation in measured finesse is large enough to account for the difference between SHO F and FPC F . By estimating the relative changes in c P calculated using Eq. (6) and Eq. (11) for the ranges of finesse shown in the data of Fig. 6 , it can be shown that the range of finesse values measured are potentially large enough to explain the discrepancy. Fig. 6 . Correlation between the measured cavity finesse for the two applied modes of force. The negative correlation on the second flexure could indicate that some of the observed disagreement between the two models is connected to unaccounted-for effects in our measurements of the cavity finesse.
Despite the force discrepancy, the cavity optomechanical system is stable enough to be used as a transfer standard for measuring modulating laser power. Figure 7 shows calibration curves for modulating input power on the cavity as a function of the flexure response sho A as fit from Eq. (1). The slopes of these calibration curves are (0.094 ± 0.002) mW/fm for flexure 2 mode B, (0.045 ± 0.002) mW/fm for flexure 2 mode A, and (0.107 ± 0.001) mW/fm for flexure 1. The data for a given flexure and optical mode were taken over a period of several months and the slopes did not change significantly during this time. The calibration curves in Fig. 7 were created using the power input loss calibration relationship described by Eq. (13) , and are therefore limited by the same uncertainties. However, by comparing flexure response to a calibrated power meter across a stable optical train a transfer standard limited only by the statistics of the flexure response can be realized. Fig. 7 . Calibration curves for using the system as a power meter. The y-axis is the input power and the x-axis is the amplitude obtained by fitting a harmonic oscillation to the signal ( sho A ).
As a transfer standard this device provides an alternative to an electrical sensor such as a photodiode or thermopile for measuring optical power. Such a transfer standard is useful in environments where it is inconvenient to use traditional electrical sensors, for example in presence of large electric or magnetic fields. Use of the device as an optomechanical power meter also enables the light to be used after it has been measured, although care must be taken in understanding where the light goes after interacting with the flexure as this depends on cavity impedance and mode matching. Measurement dependence on mode matching is captured by the two different calibration curves shown for the different optical modes on flexure 2. Because the mode matching of the two modes is unequal, the circulating power in the two modes is unequal, and hence the force per given input power is unequal. The device as currently implemented is also limited to measuring modulated laser power and cannot measure DC power. A more compliant flexure design may allow this possibility. The ability to modulate the cavity lengths with the secondary flexures relaxes the requirement for use of a tunable laser. The advantage of using an optical cavity as part of this transfer standard is the enhanced sensitivity that depends on the cavity finesse for a given laser input power and flexure stiffness.
A final application of this device is a direct measurement of circulating power inside the cavity via the radiation pressure force. This measurement is given by using Eq. (1) and Eq. (2) to calculate force and then Eq. (14) to convert this force to a power. The uncertainty in circulating power is less than 3% for this approach. Using radiation pressure to infer circulating power is useful for quantum-optical cavity experiments [20] where knowledge of the circulating power is required.
Conclusions
We have made a direct measurement of the force on a cavity mirror with a calibrated force transducer and compared that force to the force from the radiation pressure equation (Eq. (14)) and a model for the circulating power inside the cavity (Eq. (6)). We have found that the model that described the circulating power given the input power and cavity properties is accurate to within 21% for our experimental setup. Potential improvements to this agreement include better characterization of the optical cavity finesse and input power. Additionally, use of the device as a transfer standard and as a direct measurement of circulating power inside the cavity is discussed. As a transfer standard the device provides an alternative to photodiodes and as a direct measurement of circulating power inside a cavity the device is useful to the cavity optomechanics community.
